The distribution of Sr contents and isotopes of strontium Sr in the labile fraction of sediments from a channel fillings infill in the Middle Loire alluvial plain is used to highlight aspects of the evolution of the basin over the period from 10 000 yr. BP to the present. The acid extractable matter (AEM) in the sediment samples is variable in amount and in trace element contents. Carbonates and Fe-Mn oxyhydroxides are the principal carrying phases in the labile fraction. The historical record of 87 Sr/ 86 Sr ratio variations in AEM shows two components. In the first, the AEM is consistently low (around 10%) and the 87 Sr/ 86 Sr ratios range from around 0.7086 to 0.710. This corresponds to the hydrous Fe-Mn oxides end-member. Fe-Mn oxyhydroxides originate from the Massif Central and their 87 Sr/ 86 Sr ratios display a larger range than present day Fe-Mn oxides. Furthermore, the mixing proportions between Fe-Mn oxides generated on granitoids and on basalts fluctuated only weakly in the past. The second component has greater AEM (20-50%) and the 87 Sr/ 86 Sr ratio is almost constant at 0.709-0.7095. This corresponds to a carbonate endmember, clearly different from present day carbonates and may reflect the influence of both authigenic and detrital origins. The low 87 Sr/ 86 Sr ratio suggests a dominantly authigenic source for the carbonate endmember; this may be linked to groundwater inputs, although a minor influence from a secondary detrital source cannot be discounted. This reflects a different functioning of the river between deposition in the channel and the present day.
Introduction
Numerous factors influencing erosion rates and catchment inputs include lithology and relief on the one hand and climate and human history on the other (Meade et al., 1990) . Most investigators interpret continental erosion from the composition of the sediment in large rivers as the way to study and promote general laws on continental erosion (Gaillardet et al., 1997 (Gaillardet et al., , 1999a . However, human activities often modify the sediment yield profoundly (Meade et al., 1990; Macaire et al., 1997) . Rivers and streams carry the residual products from chemical and mechanical weathering as sediments, some 90% of which seem to be stored in the alluvium for tens or thousands of years (Meade, 1988) .
The Loire River in central France is 1010 km long and drains a catchment of 117 800 km 2 , composed of various lithologies including old plutonic rocks (500-300 M yr old), a large volcanic area in the upstream section and carbonate deposits (200-6 M yr) in the central part. Changes with time in the distribution of chemical species in the present day suspended matter and bed load sediments collected over a hydrological cycle (i.e. one year) at one site in the middle Loire catchment have been described by Négrel and Grosbois, 1999 and Négrel et al., 2000) . Once the present day mechanisms of trace metal transfer in a drainage basin, such as biological triggering of calcite and hydroxide precipitation , are elucidated, some aspects of the evolution of the Middle Loire basin can be reconstructed.
In this paper, the distribution of acid-extractable Rb and Sr (cold 0.2N HCl, Négrel et al., 2000; Négrel and Roy, 2002) from the labile fraction of the alluvial sediment in a clayey channel infilling deposited from 11 500 BP to the present is used to differentiate the different sediment sources and to compare present day transport mechanisms with those in the past. This allows the impacts of natural processes like erosion and groundwater inflows on catchment development during the Holocene to be distinguished. This should improve understanding of the functioning of the catchment with regard to anthropogenic impact.
Materials and methods

SAMPLING
The sampling site is situated in the middle part of the Loire River (Avaray Valley, Fig.1 , Garcin et al., 1999) . The drainage basin upstream of the sampling site represents about 40% of the total Loire catchment and includes the entire silicate-dominated basement of the Massif Central and about 25% of the total area of sedimentary rocks (i.e. the Tertiary lacustrine deposits in the Limagne and the Jurassic, Cretaceous and Tertiary lacustrine and marine deposits of the Paris Basin). During the Late-glacial and Holocene, the substratum of the Avaray valley, consisting of Aquitanian lacustrine carbonate, was incised by the Loire River (Garcin et al., 1999 and references therein) and numerous incisions, oxbows and channels related to meander migration have been identified. Five alluvial bodies were investigated (A to E in Fig.1 , Garcin et al., 1999) . A core for geochemical analysis (M25B) was extracted from 6.3 m of Holocene sediments in an oxbow infilling. The channel infill deposits intersected by the M25B core were trapped over at least 8500 years. The description of the core and the 14 C ages (Garcin et al., 1999 (Garcin et al., , 2001 ) allow five main units to be defined. From 6.3 to 4.9 m (i, Fig.2 ), the sediment consists of coarse to fine sand: from 4.9 to 3.5 m (h to g, Fig.2) , it comprises black peat as Middle Boreal (8410 +/-70 BP) at the base and contains much ligneous debris and gastropods (6840 +/-70 BP at 3.58 m): from 3.5 to 2.7 m (f to e, Fig.2 ), it consists of black clay, with well preserved gastropods and wood fragments (5350 +/-60 BP at 2.77 m, end of Atlantic): from 2.7 to1.0 m (d to c, Fig.2 ), the deposit is grey to green clay, with very sparse gastropod debris (3360 +/-50 BP at 2.16 m, Sub-boreal, 2370 +/-50 BP at 1.65 m, Sub-Atlantic): up to the top of the core, the sediment is brown clayey loam and soil (1.0-0.9 m; b to a, Fig.2) .
The channel infill, thus, spans part of the Boreal, the Atlantic, the Sub-Boreal and probably a large part of the Sub-Atlantic. A peat bog prevailed for approximately 1500 years from the Boreal to the Middle Atlantic. The channel fill consists mainly of fine clayey sediments deposited during flooding of the river; there is a total absence of coarse clastics and sandy materials in the M25B core except in the lower part. Semi-quantitative XRD analysis of the sediment showed that quartz, K-feldspar, plagioclase and calcite are the main mineral components and that illite and kaolinite are the dominant clay minerals in the < 2µm fraction. From the core, 26 samples were collected from 0.8 m depth (lower limit of agricultural reworking) to the bottom of the core (6.3 m) ( Table 1) . Two further samples were collected from a second core (M30, Fig. 1 ) at a depth of 2.43 m (medium black sand, 11,460 +/-90 BP, Garcin et al., 1999) Around 20 g of sediment, collected with plastic spatulas and stored in polypropylene boxes, were homogenised with double distilled water, sieved through a 165 µm nylon mesh and oven-dried at 70°C. Geochemists use reagents to separate the labile fraction from the residual fraction (Tessier et al., 1979; Chester et al., 1985; Elderfield and Sholkovitz, 1987; Négrel et al., 2000; Négrel and Roy, 2002) . In the present study, the labile fraction was extracted from the sediment load using acid leaching (cold 0.2N HCl, 1 h in ultrasonic bath, Négrel et al., 2000; Négrel and Roy, 2002) . Three repetitive ultrasonic baths with double distilled water were used to clean the gastropod tests and the cleaned tests were dissolved in cold 0.2N HCl. This reagent releases the total inventory of non-residual trace elements, i.e. those associated with hydrous Fe-Mn oxides, adsorbed on clays, and occurring in carbonates and sulphides (Chester et al., 1985; Elderfield and Sholkovitz, 1987) .
After the extraction procedure, the solid residues of sediments and gastropod tests were separated by centrifuge. The quantity of acid-extractable matter (hereafter referred to as AEM), representing the labile fraction, was determined for each sample by the difference in weight between the initial dried sediment and that after the acid extraction, expressed as a percentage of the total matter content Négrel and Roy, 2002) . The error in the determination of AEM is approximately +/-3%. The HCl solution (e.g. the AEM) was evaporated, the residual product weighed and an aliquot analysed for trace elements and Sr isotopes.
The concentrations of Sr, Rb, in the AEM were determined by ICP-MS. The elemental concentrations were expressed in µg per gram of matter (e.g. the residual product of the acid extraction).
Standard cation exchange chemistry was adopted for (Négrel and Deschamps, 1996; Négrel and Grosbois, 1999 (2σ, n = 70).
Results and Discussion
FLOOD SEDIMENTS, PROPORTION OF AEM AND ITS CHEMICAL COMPOSITION
In present day suspended matter in the Loire River, the proportion of AEM relating to the discharge of the river suggests two types of suspended matter corresponding to seasonal changes; one represents high flow conditions in winter and the other low flow conditions in summer . During high flow conditions, the AEM is related mainly to erosion products, as indicated by the mineralogy of the suspended matter, which consists mainly of quartz, K feldspar and plagioclase derived from weathering of silicate basement in the Massif Central (Négrel and Grosbois, 1999; Négrel and Roy, 2002) . Chemical and isotope data on present day suspended matter carried by the Loire River indicate that, during high flow conditions, suspended matter and its labile fraction AEM are provided mainly by erosion (e.g. Fe-Mn coatings on silicate particles, Négrel et al., 2000) . Conversely, during low flow conditions, a rise in calcite contents in the AEM corresponds to a period of the hydrological cycle when CaCO 3 precipitation is dominant (Négrel and Grosbois, 1999; Grosbois et al., 2000) .
The proportion of AEM ranged from 6% to 52% in the M25B and M30 cores (Table 1, Fig. 2) . From 4.75 m to 3.75 m depth, the AEM percentage decreased irregularly upwards (Table 1) . Between 3.75 and 2.5 m it increased and then decreased with a maximum of around 34% at a depth of 3.45-3.04 m. From 2.5 m to the top of the core, AEM decreased regularly, finally reaching a minimum of c. 6-9%. The AEM proportions are similar to those in present day suspended matter of the Loire River (8-47%, . Semi-quantitative XRD analysis of the sediment showed that quartz, feldspar and calcite are the main mineral components and the clay mineralogy in the < 4µm fraction is dominated by the interstratified smectite-illite (40 to 90%), illite and kaolinite make up the rest of the clay minerals. The positive correlation between calcite and AEM (r = 0.86) indicates that the control of AEM content is mainly carbonate and the intercept of the AEM/calcite correlation line shows that the proportion of AEM not derived from carbonate is < 5%. No clear relationship was observed between AEM and clay mineral content. Fe-Mn oxyhydroxides (not detected by the XRD analysis) as well as organic matter could be responsible for some of the largest AEM amounts.
Each sample analysed during this study covers several years (e.g. around 50 years, Garcin et al., 1999) and should contain authigenic, dominant in summer, as well as detrital material, dominant in winter. The detrital material is provided by mechanical erosion of the river catchment. The source of authigenic material such as calcite, organic matter or Fe-Mn coatings on silicate particles can be local, i.e. in situ precipitation within the channel but authigenic material may also be created upstream and then transported as coatings on detrital particles (Robinson, 1993) .
The V and Mn contents in the Loire sediments are both negatively correlated with AEM and the relationships between these elements and AEM can be explained by mixing of two endmembers, one of which is a carbonate relatively poor in V and Mn. The V and Mn contents of the Aquitanian lacustrine carbonate correspond to this potential endmember. The second endmember is rich in V and Mn but poor in AEM and could correspond to an oxide and organic matter reservoir. Schiller and Mao (2000) demonstrate that V in river water is correlated with U and Rb, all three elements being derived from silicate weathering. In the present Loire sediment samples, V and Rb contents are strongly correlated (r = 0.85, n = 29, Fig. 3 ) and the lowest Rb and V contents occur in the lacustrine carbonate endmember. This indicates a silicate source for these elements, such as the basement of the Massif Central. In contrast, Sr does not show any statistically significant relationship with either AEM (r = 0.13, n = 29) or V (r = 0.14, n = 29, Fig. 3 ). The removal of dissolved Sr, both by Fe-Mn oxy-hydroxides and by carbonate precipitation, may explain the lack of correlations, as demonstrated by Casanova et al. (1999) for hydrous iron oxides and carbonates precipitating at mineral spring outcrops in the Massif Central.
STRONTIUM CONTENT AND ISOTOPIC
VARIATIONS
In core M25B, the Sr content shows large variations from 110 to 621 µg g -1 (Fig. 2) . Rb, is a function of age and of the Rb/Sr ratio. In general, continental sediments rich in carbonates and hydroxides as well as organic matter are in isotopic equilibrium with the water phase from which these compounds were precipitated (Casanova et al., 1999) . This implies that the strontium Sr isotopic composition of the labile fraction can be used as a proxy for the Sr isotopic composition of these waters at the time these phases were precipitated (Casanova and Négrel, 1995; Négrel et al., 1997a; Holmden et al., 1997; Vonhof et al., 1998) . This is valuable for studying long term variations in the catchment. In the M25B core, the 87 
Sr/ 86
Sr ratio varies from c. 0.70856 at 3.75 m depth to 0.70989 at 1.4 and 1.6 m and generally increases from the base to the top of the core (Fig. 3) (Fig. 2) . The 87 Sr/ 86 Sr ratios in gastropod tests correspond to those of the water in which they lived and, therefore, record changes in the Sr isotopic composition of water through time. In spite of the small number analysed, most of them have different 87 Sr/
86
Sr ratios from those of the AEM (Fig.  2) . At 3.45 m depth, the ratios in AEM and gastropods are almost the same but, nearer the surface, they diverge and the largest difference occurs at 1.4 m depth. Sr ratio cannot be compared directly with the Sr content in classical mixing diagrams (Faure, 1986) . Following the methodology of Négrel et al. (2000) , a hyperbolic relationship between 87 Sr/ 86 Sr ratios and AEM has been used to identify the theoretical endmembers. (Langmuir et al., 1978) . The 87 Sr/ 86 Sr ratios plotted against AEM concentrations (Fig. 4) for the present day suspended load analysed by Négrel et al. (2000) illustrate a mixing hyperbola, likely to reflect the simple binary mixing which relates the theoretical authigenic carbonate endmember to the theoretical hydrous Fe-Mn oxides endmember. The highest 87 Sr/ 86 Sr ratios, close to the authigenic carbonate endmember, are identical to the mean value of dissolved Sr during low flow; the low Sr isotope ratios in AEM measured during high flow ( ~ 0.7105) differ from those of the dissolved load during low flow (0.71143 + 0.00020, n = 23 Négrel et al., 1997b, c) . The isotopic signature of hydroxides should reflect that of the water from which they originated. The present day oxides may, therefore, originate in the Massif Central whence they are transported to the sampling point by the upper Loire River and tributaries Négrel and Roy, 2002) .
The Holocene record of the 87 Sr/
Sr ratios in AEM shows data dispersion falling clearly into two fields (A and B) as illustrated by Fig. 4 Sr ratio found in the M25B core (1.4 and 1.6 m depth) is similar to that of this the theoretical Fe-Mn oxides endmember defined in present day suspended matter . If FeMn oxides originate from the Massif Central, they could have derived their Sr from the weathering of the different bedrock formations in this area. Around 65% of the crystalline basement in the Massif Central consists of granitoids rocks (Pin and Duthou, 1990) (Négrel and Deschamps, 1996; Négrel et al.,1997b, c; Négrel, 1999 Sr ratio of present day hydroxides for AEM in basalts and granite derived sediments (i.e. 0.7038-0.7049 and 0.714-0.7173, respectively, Négrel and Roy, 2002) is in isotopic equilibrium with the water phase in which they formed. The range in Sr ratio is fairly constant (around 0.709-0.7095) so that there is no covariance of AEM and Sr isotope ratios. An important feature of the Sr isotope signature of field B is its inconsistency with the value of the present day AEMrich authigenic carbonate (Fig. 4) and with the actual Loire River water at low flow in the main channel (0.71143 + 0.00020, n = 23 Grosbois et al., 2000; Négrel et al., 2000 Sr ratio of the water may have fluctuated in the range observed for the AEM from the sediment cores. However, a detrital origin for the carbonate source cannot be rejected.
EVIDENCE OF GROUNDWATER INPUTS
The first step in determining whether the carbonate in field B is authigenic in origin is to investigate the change in the Sr isotope signature of the water. Sr ratios in the range 0.711-0.712) (Briot and Poidevin, 1998) and marine Jurassic and Cretaceous deposits of the Paris Basin (BRGM, 1996) Sr ratios from the Allier River (Négrel et al., 1997b) and at the Loire-Allier confluence (Petelet-Giraud et al., 2001) Sr values ranging from 0.7075 to 0.7077 (Fig. 4 , Négrel et al., 1989) . The Sr isotopic composition of Lower and Upper Jurassic rocks is similar to that of the Upper Cretaceous chalk (Fig. 4) but cannot be the source of the low Sr isotope ratios in the gastropods because there is no hydraulic connection between these rock units and the sample site, but the lack of hydraulic connection does not allow the Jurassic to be the source of the low Sr isotopic composition.
Therefore (Négrel et al., 1989) . These ranges suggest that the high 87 Sr/
86
Sr sources (close to 0.7094) of detrital particles in the carbonate occurring in field B would most likely be lacustrine deposits of the Limagne and the Lower Cretaceous marine deposits of the Paris Basin.
Conclusion
In the clayey channel infilling in the alluvial plain of the Middle Loire River (France), which covers the period from the Boreal to the Sub-Atlantic, strontium in both the carbonate and the non-carbonate fractions is weakly correlated with AEM. Two important differences between the Sr isotope ratios of AEM in the sediment column and those of modern suspended matter in the Loire River are:
(i) the small amounts of carbonate show lower and more variable 87 Sr/
86
Sr ratios in the alluvial sediments than in the modern suspended matter. This may be due to different proportions of the potential sources, granites and metamorphic rocks on the one hand and basalts on the other.
(ii) compared with the modern carbonate endmember in isotopic equilibrium with dissolved Sr in the Loire river, that in the sedimentary column has lower 87 Sr/
Sr ratios, similar to those of both the lacustrine limestone and three of the four gastropods analysed. Since the latter reflect the isotopic composition of dissolved Sr, the AEM from carbonates in the sediments may be authigenic rather than detrital in origin. Groundwater with an isotope signature acquired during percolation through the lacustrine limestone seems to have contributed to the carbonate in the channel sediments. However, a change in Sr isotopic composition of the carbonate may reflect a change over time in the detrital or dissolved contributions from the widespread Jurassic and Cretaceous carbonate rocks in the Loire catchment.
